Purpose Bioadhesion is an important property of biological membranes, that can be utilized in pharmaceutical and biomedical applications. In this study, we have fabricated mucoadhesive drug releasing films with bio-based, non-toxic and biodegradable polymers that do not require chemical modifications.
INTRODUCTION
Bioadhesive pharmaceutical formulations are typically designed to enhance drug bioavailability by extending the residence time of drug compounds and localizing the effect at the target site. Concurrently, they also contribute to local drug delivery formulation design (e.g. buccal or topical drug delivery), which improves bioavailability by avoiding metabolic pathways, such as first pass metabolism (1, 2) . Furthermore, local drug delivery systems are effective at treating site specific diseases, while avoiding drug exposure on unwanted sites. Smaller doses are required and therefore systemic exposure is often limited, which leads to reduced systemic adverse Patrick Laurén and Heli Paukkonen contributed equally to this work.
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effects, as demonstrated with epothilone B encapsulated bioadhesive nanoparticles in peritoneal cancer treatment (3) . Additionally, protein and peptide drugs are often unable to cross biological barriers due to the heavy enzymatic activity present in the GI-tract and liver (4) . Therefore, inherently unstable drug compounds can be formulated and administered with the use of local drug delivery systems. Bioadhesion is an important property of various biological barriers, such as the oral mucosa, which can be utilized as an adhesive platform for synthetic and natural polymers. Due to the benefits of site specific treatment, new bioadhesive systems are investigated to improve both local and systemic delivery (5) (6) (7) . Nanofibrillar cellulose (NFC) has been investigated as a renewable bio-based polymer for various biomedical and pharmaceutical applications (8, 9) . NFC has been generally regarded as a safe, non-toxic and biodegradable material (10, 11) . Additionally, NFC has great modification capabilities, and structural properties that resemble collagen fibers, which provides NFC with inherent soft tissue like properties (12, 13) . Fiber surface modifications (e.g. TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl oxidation) enables the use of anionic type NFC's (ANFC) (14, 15) . ANFC fiber network contains negatively charged carboxyl groups to varying degrees on individual fiber surfaces. In the pharmaceutical field, NFC has been investigated as a controlled drug releasing film, where it was reported as an excellent film forming material (16) . Additionally, NFC can affect drug release profiles in a controlled manner (17) . NFC can be utilized as a reinforcing material with other polymers with or without further chemical modifications (18) . For example, the addition of NFC has been shown to improve structural and adhesion properties of free-standing starch/pectin films (19) . In the biomedical field NFC has been investigated as a 3D cell culture matrix (13) , surgical suture coatings (20) and in other various biomedical applications (21) ; however, due to the biomedical device challenges regarding biodegradation in the human body, ease of access locations are preferable to enable physiological selfcleansing mechanisms (e.g. oral mucosa or the GI-tract).
The oral mucosa is fully covered with a visco-elastic layer, mucus, which is primarily constituted of mucins (22) . Mucins are high molecular weight glycoproteins with a tendency to accumulate at interfaces (23) . Adsorption of mucin results in thick and well hydrated layers. Mucins have diverse roles, such as lubricants or defensive components in the mucus layer protecting against pathogens (24) , but also functions as a biochemical filter that can bind nutrients and a wide variety of different compounds (25) . These high binding capabilities of mucins can be exploited in pharmaceutical and biomedical sciences to design muco−/bioadhesive applications.
In this study, we have focused on renewable, inexpensive, natural biopolymers with combinations of two types of film forming materials (NFC and ANFC) and three different mucoadhesive components mucin, pectin and chitosan. We have fabricated bioadhesive films with a liquid molding method that does not require chemical modifications, therefore reducing processing steps and avoiding potentially toxic residues resulting from any chemical treatment. Mucin, pectin and chitosan are all-natural polymers with mucoadhesive properties (26) (27) (28) . Mucoadhesive systems require sufficient swelling and wetting capabilities, hydrogen-bonding functional groups and polymer network entanglement (22) . Mucins are highly glycosylated (up to 80%) and have a negative net charge at neutral pH (26) . Mucins can form gels depending on the concentration and pH by entanglement and hydrogen bonding (23) , however, the structural properties can be improved with the addition of another hydrogel-forming material, such as alginate (29) . Mucins tend to aggregate and interact with each other via self-assembly due to their block copolymeric structure (30) . Therefore, mucin itself can act as an excellent adhesive component in mucoadhesive formulations. Pectin is a polydisperse polysaccharide, which primarily consists of D-galacturonic acid. Pectins are able to form gels depending on the conditions, molecular size and degree of esterification (DE). Gel strength and rate of gelation increases with high DE pectins at a constant pH (31) . Gelation occurs due to hydrogen bonding, presence of divalent cations or hydrophobic interactions. High DE pectins have also shown to be highly mucoadhesive, despite having a low amount hydrogen bonding forming groups; therefore, mucoadhesion is likely caused by entanglement mechanisms (27) . Chitosan is a cationic linear copolymer of (1-4)-2-amino-2-deoxy-b-d-glucan (GlcN) and (1-4)-2-acetamido-2-deoxy-b-d-glucan (GlcNAc). Chitosan has been widely used in drug delivery applications; additionally, the properties of various chitosan salts have been investigated in controlled drug delivery (32) . Chitosan is characterized as highly viscous polymer, in addition to having film forming properties and bioadhesivity through electrostatic interactions (28, 33) . However, due to strong intermolecular hydrogen bonding, chitosan is insoluble in water at neutral pH. Therefore, it is often convenient to use chitosan in its salt form such as chitosan lactate.
The polymer compositions for mucoadhesive films were first evaluated in terms of peak force measurements with texture analysis to evaluate mucoadhesiveness, tensile strength for mechanical properties and swelling/hydration studies without the study compound metronidazole (MZ), an antibacterial compound used to treat periodontal diseases. NFC/ ANFC-mucin and NFC/ANFC-pectin films in 2:1 mass ratio (wt/wt) were selected for encapsulation of MZ. Solid state characterization with DSC, Raman and FTIR as well as imaging of morphology with SEM was then performed for selected films. Drug release studies were done with the study compound MZ to evaluate the drug release profiles from mucoadhesive films. Additionally, cytotoxicity assays were performed with human squamous carcinoma, TR146, cells to model in vitro buccal toxicity. The liquid molding preparation method used in this study was observed to be a simple and straightforward way to make mucoadhesive films. The used method could be easily scaled up with paper industry equipment that could produce large amounts of drug releasing mucoadhesive and biodegradable paper. Further, we observed that the mucoadhesive properties of NFC and ANFC could be enhanced with the incorporation of mucoadhesive components. This indicates that the mucoadhesive NFC and ANFC film formulations have potential as local drug delivery systems for site specific medication of oral diseases.
MATERIALS AND METHODS

Materials
1.5% NFC hydrogel (processed from birch pulp, UPMKymmene Corporation, Finland) and 2.7% ANFC hydrogel (UPM-Kymmene Corporation, Finland) with carboxyl groups at 1.03 mmol/g of fibers were used as film forming polymers. Chitosan oligosaccharide lactate (Sigma-Aldrich, USA), mucin from bovine submaxillary gland (EMD Millipore, USA) and pectin from apple (Sigma-Aldrich, China) were used as mucoadhesive polymers in NFC and ANFC films. Microcrystalline cellulose (MCC, Avicel PH200, FMC BioPolymer, Ireland) and mucin from porcine stomach (Type-II) (Sigma-Adrich, USA) were used for the preparation of 600 mg mucin/MCC discs in 4:1 mass ratio (wt/wt) respectively. Mucin from bovine submaxillary glands (Type-I) was prepared as a 1% solution (Sigma-Aldrich, USA) for the hydration of mucin discs prior to adhesion testing with TA.XT plus. Metronidazole (Sigma-Aldrich, China) was used as a model drug compound in mucoadhesive film formulations. Analytical grades sodium phosphate dibasic (SigmaAldrich, Germany) and sodium phosphate monobasic (Sigma-Aldrich, Germany) were used in the preparation of 50 mM pH 6.8 phosphate buffer. Acetonitrile (SigmaAldrich, Germany) was of analytical grade.
Preparation of Mucoadhesive Films
1% NFC or ANFC hydrogels diluted from stock concentrations 1.5% and 2.7% for NFC and ANFC respectively were thoroughly mixed with the mucoadhesive polymers (pectin, mucin or chitosan) in 10:1, 2:1 and 1:1 NFC:polymer mass ratios to the dry fiber content in NFC/ANFC. Films for mucoadhesive strength measurements were prepared by drying 4 g of the hydrogel formulation in plastic Petri dishes (Nunclon™ Delta, Thermo Scientific) with a diameter of 4 cm for 18 h at 45°C in an oven. Films for swelling, tensile strength, solid state characterization, drug release and toxicity studies were prepared from 9.0 g of the hydrogel formulation placed in a 3D printed (Ultimaker 2+ 3D printer, Netherlands) round PLA mold with a diameter of 4 cm on top of a flat Teflon surface and oven dried for 18 h at 45°C. For tensile strength measurements, the films were prepared without MZ as described above (Table I ). In contrast, films containing MZ were prepared for the swelling study, drug release studies, SEM imaging, solid state characterization and toxicity studies. Films without MZ had NFC or ANFC with either pectin or mucin in 2:1 mass ratios. Drug containing films included MZ, whose amount was set to 10% of cellulose and polymer dry mass. The hydrogel formulations were prepared in 20 ml glass vials and all components were mixed thoroughly prior to film preparation. NFC, ANFC and mucin containing films did not shrink during oven drying and the film diameter remained at 4 cm, whereas for pectin containing films, the film diameter was reduced to 3.5 cm after drying. The films were stored at 25°C inside a silica desiccator until used.
Evaluation of the mucoadhesive strength of drug free films
Mucoadhesive strength of the NFC/ANFC films combined with pectin/mucin/chitosan was evaluated with a texture analyzer TA.XT plus (Stable Microsystems Ltd, UK, equipped with a 5 kg load cell) in texture profile analysis (TPA) mode. 13 mm diameter mucin-MCC (4:1 mass ratio) tablets (600 mg) were prepared in a Carver press by direct compression with a compression force of 3000 kg for 30 s. A double sided adhesive tape was used to attach the tablet horizontally into the lower end of a 10 mm diameter TA.XT plus probe. As the tablets were used to simulate mucosal membrane in the experiment the whole tablet surface was wetted with 150 μl of 1% mucin solution for 20s after which the excess solution was carefully removed with a tissue paper by gentle blotting. Samples of each film type were placed under the analytical probe in flat Petri dishes and the probe was lowered until the mucin disc was in contact with the surface of the sample. The following parameters were used in the measurement: 0.50 mm/s pre-test speed, 0.30 mm/s test speed, 0.3 mm/s post-test speed, 100 g applied force, 4 mm return distance, 15 s contact time and 3 g trigger force. Results were analyzed with Exponent software (Stable Microsystems Ltd., UK) and the peak adhesion force (N) required to detach the mucin tablet from the surface of the film was used as a measure of mucoadhesive strength. All measurements were performed at least in triplicate.
Tensile Strength Test of Drug Free Films
Tensile tests were performed in a controlled humidity chamber with the tensile tester (Kammrath & Weiss GmbH, Germany) in Tensile/Compression Module 5 kN with a 100 N load cell. The films were equilibrated at 50% relative humidity and stored at 20°C overnight before the tensile test, to minimize the contribution of the varying ambient humidity in the tensile results. Sample sizes were 20 x 2 mm, length and width respectively. Film thickness was measured by the displacement sensor (LGF-0110 L-B, Mitutoyo, Japan) with a digital reader (EH-10P, Mitutoyo, Japan). The samples were displaced on a measuring table with a support for displacement sensor (215-514 comparator stand, Mitutoyo, Japan). The measurements were performed at least 3 times for each sample. The Young's modulus (YM), tensile strength, elongation and toughness were calculated from the average of strainstress curves that were obtained by dividing the tensile load curve with the cross-sectional area of the respective sample. The Young's modulus was taken as the slope of the elastic region of the curve, whereas the tensile strength and elongation were taken as the values at the point of fracture. The tensile toughness was estimated as the work-of-fracture obtained by integrating the area under the stress curve.
Swelling Studies of Drug Free Film Formulations
Films that contained NFC or ANFC in combination with pectin or mucin (in 2:1 mass ratio) were cut into approximately 1 cm 2 surface area pieces and immersed into 50 mM pH 6.8 phosphate buffer for 15 s or 5 h at 25°C. The film weight was measured prior to and after the hydration period in the buffer. After immersion, the excess buffer on the surface of films was wiped off before weighing. After this the films were dried for 20 h at 45°C, cooled for 1 h and weighed again. The increase in weight of the patches (n = 3) was determined for both the 15 s and 5 h time point samples. The hydration percentage was calculated with the following equation:
where X t is the weight of the swollen sample and X 0 is the original weight of the sample. The mass of the original sample was compared to the corresponding weight after the swelling test and re-drying to obtain mass loss percentage as follows:
where X d is the weight of the re-dried sample. For formulations that were tested in the drug release studies, the swelling was evaluated after 30 min exposure to the release buffer.
Here the dimensions (thickness n = 5, surface area n = 1) of the original samples were compared to values obtained after 30 min from digital camera images. Image J software (National Institutes of Health, Bethesda, USA) was used to measure the film dimensions. The original dry film thickness was obtained from SEM images (n = 10) and the surface area in dry and wetted state, as well as thickness in the wetted state were obtained from digital camera images with ImageJ software (National Institutes of Health, Bethesda, USA).
Differential Scanning Calorimetry (DSC)
Thermal analysis of selected films was carried out using a differential scanning calorimeter Mettler Toledo DSC 823e (Mettler Toledo, Giessen, Germany, calibrated by indium: Tm 156.6, heat of fusion 28.21 J/g). The film samples as well as pure MZ, pectin, mucin, NFC and ANFC of 1-3 mg were placed in aluminum pans with perforated lids and heated at a scanning rate of 10°C/min between 25 and 220°C in nitrogen atmosphere. The obtained data was analyzed with STARe software (Mettler-Toledo, Giessen, Germany), and the onset temperatures were used as melting point values.
Fourier-Transform Infrared Spectroscopy (FTIR)
ATR-FTIR spectroscopy was carried out to characterize the films, using a Vertex 70 FTIR spectrometer (Bruker Optik GmbH, Germany) with a MIRacle TM single reflection ATR crystal (Pike Technologies, Inc., USA). The analytical range in the measurements was 650 to 4000 cm −1 with a spectral . Each spectrum was the average of 64 scans and three spectra were collected for each sample. Principle component analysis (PCA) was used to evaluate the data, and it was performed with standard normal variate (SNV) transformed and mean-centered spectra using SIMCA software (Sartorius Stedim Biotech, Sweden).
Raman Spectroscopy
Raman spectroscopy analysis was performed for the films with a Raman RXN1 spectrometer, equipped with a PhAt probe head and a 20-mW laser source operating at 785 nm (Kaiser Optical systems, Inc., USA). Each spectrum consisted of an average of three scans recorded with an integration time of 1 s, apart from the NFC and ANFC control films for which ten scans with 3 s integration time were averaged. The samples were measured in triplicate. The spectra were analyzed after removal of elevated baselines using a rubberband correction method (Opus software, Bruker Optik GmbH, Germany). The spectra were normalized by SNV transformation and mean centering before analysis by PCA (SIMCA software, Sartorius Stedim Biotech, Sweden).
Scanning Electron Microscopy (SEM)
The morphology of the films was imaged with a scanning electron microscope Quanta FEG250 (SEM, FEI Company, USA). The films were fractured manually for analysis of the inner film structure. Micrographs of the cross-sections as well as surface structures of the films were obtained. Prior to SEM imaging the samples were fixed onto a two-sided carbon tape and sputtered with platinum for 25 s with an Agar sputter device (Agar Scientific Ltd., UK).
Release of Metronidazole from Mucoadhesive Film Formulations
The release of MZ was tested with an incubator shaker Titramax 1000/Incubator 1000 (Heidolph, Germany) at 37°C with 200 rpm. The film dosage forms were cut into squares with an area of 1 cm 2 and placed inside glass vials. The weight (n = 3) of the film pieces varied according to formulation as follows: 12.7 ± 0.1 mg (ANFC-Mucin-MZ), 16.5 ± 1.5 mg (NFC-Mucin-MZ), 23.6 ± 2.8 mg (ANFC-Pectin-MZ) and 23.4 ± 3.0 mg (NFC-Pectin-MZ). The glass vials were filled with 10 ml of 50 mM pH 6.8 phosphate buffer and the film pieces remained immersed in the release buffer throughout the release study. 0.5 ml samples were collected at predetermined time points up to 30 min and replaced with 0.5 ml of fresh buffer. Samples were filtered through 0.2 μm PTFE membranes (VWR International, USA) and diluted to 1:10 with 0.015 mM pH 2 phosphate buffer prior to UPLC analysis. The samples were analyzed with Ultra performance liquid chromatography (UPLC) instrument Acquity UPLC (Waters, USA). Sample injection volume was 10 μl and the used column was Primesep 100 5 μm (2.1 x 50 mm) (Waters, USA) at 30°C. The mobile phase during the isocratic run consisted of 20/80 of ACN/15 mM phosphate buffer pH 2 and the flow rate was 0.5 ml/min. The detection of MZ was performed at 317 nm wavelength and the retention time of MZ was 1.04 min. The linear concentration of MZ was established at 0.5-50 μg/ml and LOD for MZ was 0.03 μg/ml. All release studies were performed in triplicate.
Toxicity Studies with TR146 Human Buccal Epithelium Model
Human squamous cell carcinoma, TR146, was purchased from Sigma-Aldrich (passage #9, 10,032,305, ECACC, UK). Cells were cultured in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12, Gibco™, Thermo Fisher, USA) supplemented with 10% Fetal Bovine Serum (FBS, Thermo Fisher, USA) and 2 mM L-glutamine (GlutaMAX™, Thermo Fisher, USA). Cells were subcultured and incubated at 37°C, 5% CO 2 . After reaching 70-80% confluency, the cells (at passage #12) were detached and seeded into a standard cell culture 96-well plate for cytotoxicity studies (2x10 4 cells/well). Bioadhesive films were prepared as described earlier. Round pieces (Ø = 5 mm, n = 4) were cut and inserted into the wells with and without cells. TR146 cells were incubated with the film pieces for 24 h. After the incubation, the film pieces were removed and the cell proliferation reagent resazurin (alamarBlue®, Thermo Fisher, USA) was introduced into the wells according to manufactures instructions. Well plate was measured with Varioskan LUX multimode microplate reader (Thermo Fisher, USA), excitation and emission wavelengths were 565 nm and 585 nm respectively.
RESULTS AND DISCUSSION
Mucoadhesive Strength of Films
We first explored which of our test polymers would show the highest mucoadhesion strengths and in which ratio it should be mixed with NFC or ANFC. Cellulose films combined with pectin, mucin and chitosan in different mass ratios (10:1, 2:1, 1:1 wt/wt) were studied with a texture analysis technique. The technique has been widely used to evaluate the in vitro mucoadhesion of various formulations such as films, tablets and hydrogels with mucin discs or porcine buccal mucosa as binding substrates (2, 27, 34, 35) . It is known that pectin, mucin, and chitosan all have strong mucoadhesive properties (26) (27) (28) , and it was expected that this technique would be suitable to determine the relative mucoadhesive strengths of these materials. Further, texture analysis measures the adhesion strength from a relatively large surface area and gives a good indication about the adhesiveness of a real drug formulation that would be based on these materials. The adhesive strength between the polymer and the substrate after the application of an external force can be measured and is typically presented as work of adhesion (work necessary to overcome attractive forces) or peak force (maximum force required to detach the mucin disc from the formulation).
Different parameters were investigated to evaluate the strength of mucoadhesion in order to optimize the measurements. It has been shown that contact time and force have the greatest impact in mucoadhesiveness, while prehydration time and test speed affect to a lesser extent (27) . In our study we investigated contact force (Fig. 1) and contact time (data not shown). Contact force had a great impact in the mucoadhesiveness strength. A standard keyboard key was pressed with the TA.XT plus instrument with a force of 50, 75 and 100 g (data not shown). The force of 100 g was selected for the studies, which exceeded the force required for a keystroke to register (75 g and lower did not). Higher contact forces were considered. However, in practical use the higher forces are not applicable when administering a buccal patch. Similarly, contact time for over 15 s would not be feasible in actual use; therefore, a contact time of 15 s was selected for mucoadhesive studies. After optimization, the mucoadhesiveness measurements suggest that the gentle pressure of 100 g was enough for mucoadhesion to occur and strong enough to be measured.
Hydrated mucin discs were selected to model the mucosal layer in vitro and the adhesiveness of formulations was evaluated by comparing adhesiveness peak forces. The results are presented in Fig. 2 . Parafilm was used as a negative control and a double sided adhesive tape as a positive control with peak forces of 1.1 ± 0.2 N and 3.7 ± 0.2 N respectively. Plain ANFC and NFC films had a higher adhesiveness to mucin discs that parafilm with peak forces of 1.6 ± 0.2 N and 1.6 ± 0.3 N respectively. The adhesiveness of the two-component films was increased when NFC or ANFC mass ratio to polymer was lowered from 10:1 to 2:1. ANFC-Pectin (2:1) and NFC-Mucin films had the best adhesiveness with peak forces of 3.0 ± 0.7 N and 2.9 ± 0.2 N respectively.
For NFC containing films, mucin (2:1) was clearly the best combination in terms of adhesiveness followed by pectin and chitosan. As it is known that besides mucin, pectin can also bind to cellulose (36) , it is possible that not all hydrogen bonding groups in pectin are available for the mucoadhesion process, but are used in the polymer-polymer interactions with hemicellulose, as it has been noted that birch pulp derived NFC contains even up to 23% hemicellulose residues (16) . This resulted in mucin being the strongest mucoadhesive component in combination with NFC. NFC-Chitosan films could also suffer from electrostatic polymerhemicellulose interactions, which might explain why the mucoadhesive strength was not as high as with mucin. As the groups responsible for hydrogen bonding are used in the interactions between chitosan and hemicellulose they are not available for mucoadhesion. Furthermore, chitosan is insoluble at neutral pH, and when mixed with NFC, chitosan hinders the wetting/ hydration of the film surface (37), which is an important factor in mucoadhesion. In contrast to the NFC results, ANFC films with pectin (2:1) proved to have the highest adhesion followed by mucin and chitosan. This could be explained with the lack of hemicellulose in ANFC, which improved the mucoadhesion by reducing the polymer-polymer interactions that were present in NFC-Pectin. Additionally, ANFC-Chitosan film mucoadhesiveness also suffers from electrostatic interactions, as the carboxyl groups present in ANFC interact with the positively charged chitosan, and therefore all the available groups for hydrogen bonding are not available for the mucoadhesion process.
When 1:1 mass ratio was used for polymer composition, a reduction in adhesiveness was observed for all NFC films and ANFC-Pectin. Furthermore, even the formation of NFC based films suffered from an excessive amount of the mucoadhesive component. It was therefore decided that 1:1 formulation was not suitable for mucoadhesive formulations. Based on the mucoadhesive strength profiles, NFC and ANFC films combined with either pectin or mucin in 2:1 mass ratios respectively were selected for mechanical strength and swelling studies. These inherent properties of the films were evaluated prior to drug encapsulation in order to recognize how the mucoadhesive polymers influenced mechanical strength and swelling of the films when compared to plain NFC and ANFC films. Further solid state, morphology, drug release and Fig. 1 The adhesiveness test of ANFC-Pectin (2:1 mass ratio) film with different contact forces 50 g, 75 g and 100 g (n = 3 ± stdev).
toxicity characterization was performed with films that contained encapsulated MZ.
Tensile Strength Test
Mechanical properties were measured in order to evaluate and compare the tensile strength (MPa), elongation (%), Young's modulus (GPa) and toughness (MJ/m3) of films having different composition. The results of the tensile test as well as the film thicknesses are reported in Table II . Based on the measured film thickness, it appears that ANFC material formed almost 30% denser film than NFC with the film casting method. The measured Young's modulus for NFC film at 3.6 GPa was lower than the values reported in the literature, which are typically in the 6-13 GPa range (38, 39) . The preparation method and film porosity affect greatly the Young's modulus values (39) . The solvent casting method applied here, resulted in higher porosity and therefore in lower stiffness than samples prepared by, for instance, fiber spinning or vacuum filtration (40) . ANFC film had a higher Young's modulus, 5.8 GPa, a relatively close to the reported literature value of 10 GPa (41). The higher YM is most likely due to the higher fibril density in the films compared to the NFC.
The addition of either mucin or pectin increased the film thicknesses for both cellulose grades significantly. The diameter of the pectin-containing films reduced from 4 cm into 3.5 cm during the oven drying resulting in films with 70% and 230% higher thicknesses compared to the NFC and ANFC films respectively. Notably, despite the lower density, all the NFC formulations with pectin or mucin had higher YM, maximal tensile strength, maximal stain and toughness resulting in films with a higher mechanical strength than the corresponding ANFC ones. The addition of either mucin or pectin into NFC films also increased the Young's modulus of Fig. 2 Mucoadhesive strength presented as the peak force of adhesiveness for NFC and ANFC films combined with pectin, mucin and chitosan in different mass ratios (10:1, 2:1, 1:1; n = 3 ± stdev).
the films resulting, whereas the opposite was observed for ANFC formulations as the addition of these polymers into the films reduced the Young's modulus and therefore film stiffness. The increase on the overall performance of the NFC films upon addition of the other components indicates that pectin and mucin could increase the strength of the interaction of the cellulose fibrils acting thus as cross-linkers. However, addition of pectin and mucin did not increase the toughness of the materials, but the films became more brittle, which may be a consequence of the low density. The mechanical properties of the ANFC with pectin and mucin were significantly lower than with the films consisting of ANFC only. Likely, the reason is the repulsion due to the negative charges of the components, which could prevent the cross-linking of the ANFC fibrils with the other polymers and was also the reason for the strong volume changes during film drying. The strong variation of the film densities complicates the direct comparison of the film tensile properties, but based on the data, an understanding of the structure and properties relation of the different formulations could be drawn.
Swelling Studies
At first the swelling studies were performed without the model drug compound MZ, as the release of MZ from the films would have affected the evaluation of polymer mass loss % and hydration %. Hydration % includes water uptake and swelling of the polymers as well as physical filling of the porous structure in the films. Mass loss corresponds to the loss of material during the swelling study and indicates whether the films stay intact or whether the polymers are eroded from the films. The selected films were cut into 1 cm 2 pieces (Fig. 3 ) and immersed into phosphate buffer for 15 s or 5 h in order to evaluate both fast wetting and hydration of films during prolonged exposure to the buffer simulating the pH of oral cavity.
The hydration profiles of NFC and ANFC based films were rather similar (Table III) . However, plain ANFC films were hydrated to a greater degree than NFC films with 144% hydration at 15 s and 436.8% hydration at 5 h. For NFC films, the corresponding values were 89.9% and 176.1%. NFC films are hydrophilic due to an abundance of hydroxyl groups in the molecular structure (42) . However, TEMPO oxidation can be reportedly used to increase the hydrophilicity of NFC as the oxidation introduces carboxyl groups directly on ANFC surface and effectively reduces the contact angle of water from 44°to 15°depending on the oxidation time (43) . This most likely to attributes for the higher hydration % for plain ANFC based films in comparison to the NFC ones. The mass loss of plain cellulose films was quite low, indicating that the films do not degrade or erode in plain water, as was expected of these materials.
Both mucin and pectin-containing films had slower but more extensive hydration in comparison to the plain films. The hydration was lower at the 15 s time point, but higher after 5 h. In the fast 15 s hydration test the mucin containing formulations were wetted more effectively than the pectin formulations resulting in higher hydration %. However, after the 5 h test it was apparent that the pectin formulations were hydrated to a greater degree. Both mucin and pectin are very hydrophilic and can retain large amounts of water, which likely contributed to the high hydration % (44). Pectin especially is known to exhibit swelling and matrix erosion, when exposed to aqueous media, a property that has been used beneficially in controlled drug release applications (45) . Here, pectin based formulations had the highest swelling % and mass loss % after 5 h exposure to the buffer ranging from 467.8% hydration for NFC-pectin to 682.7% for ANFCpectin films and 21-32% mass loss. As the mass loss of plain NFC and ANFC was below 5%, the mass loss in pectin containing films is caused by pectin erosion from the lamellar film structure. Due to the considerable hydration and swelling, the NFC-pectin and ANFC-pectin films are expected to provide resistance and control to drug diffusion out of the lamellar film matrix.
Solid State Characterization and Morphology
The DSC thermograms revealed similar behavior for all films as the melting point of MZ was reduced from 159.8°C, which was the melting point of pure MZ obtained in this study (Fig.  4a) . The melting peaks may disappear or shift in DSC thermograms if the drug and polymer matrix are well integrated. Valo et al. have previously shown that the NFC grade and manufacturing source may affect the extent of drug interactions in freeze-dried cellulose formulations (46) . Therefore, the observed differences in the melting points of MZ, may indicate interactions between the NFC/ANFC fibers and MZ. MZ had relatively small reduction in the melting point in NFC-Mucin-MZ (156.1°C), ANFC-Mucin-MZ (157°C) and ANFC-Pectin-MZ (155.8°C) films. Whereas, the melting point was reduced rather significantly in NFCPectin-MZ (146.8°C) films. Additionally, the DSC thermograms of individual polymers showed that there were no significant thermal changes at the range of 120-180°C (Supporting Information; Fig. S1 ). The Raman spectra of the single components as well as film formulations are shown in Fig. 4b and characteristic bands of MZ, NFC, ANFC, pectin and mucin from literature are listed in Table S1 (Supporting Information). Raman spectroscopy revealed broadening and shifting of the MZ peaks in the NFCPectin-MZ film. FTIR spectra showed the presence of all components in the films (Supporting Information; Fig. S2 ). Raman spectrum of pure MZ exhibits peaks at 1183 cm The spectral variation between the films is due to broadening and shifting of the MZ peaks in the NFC-pectin film (marked by arrows in Fig. 4b ). This variation is likely due to binding interactions between pectin side chains and NFC, and a consequent interaction with MZ, which differs from the other films (36, 47 and 1376 cm −1 may also indicate the formation of hydrogen bonds (48) . It is possible that NFC and pectin polymers may have favorable interactions for MZ encapsulation during the drying of the NFC-pectin-MZ film as all other films had only a slight decrease in the melting point of MZ. According to literature, pectin-cellulose interactions in plant cell walls may result in Fig. 3 Plain NFC and ANFC films and films with mucoadhesive polymers used in the swelling studies.
Table III Hydration of the films after 15 s or 5 h exposure to pH 6.8 phosphate buffer (n = 3 ± stdev) and mass loss after drying of the hydrated films. Mass ratio of NFC/ANFC to mucin/pectin was 2:1.
the intermediate binding affinity of pectin into cellulose via neutral pectin side chains or mechanical tethering between cellulose fibrils that reduces cellulose-cellulose interactions (53) (54) (55) . Hemicellulose components (e.g. xyloglycan) reportedly also have binding affinity to pectin in addition to cellulose fibers and the pectin interaction with cellulose microfibrils is limited to the microfibril surface (47) . The MZ in the homogenously mixed hydrogel starting material may be entrapped more effectively in the entangled polymer matrix during drying due to the binding affinity between NFC and pectin. The hemicellulose content in NFC may also attribute favorably to the possible interaction. The observation is supported by different solid state properties of NFC-Pectin-MZ films when compared to the other formulations. Interestingly, similar behavior is not observed for ANFC-Pectin-MZ films. Here the surface of ANFC fibers is coated with carboxyl groups which may be the reason for lack of binding interaction with pectin as there are fewer neutral binding sites in ANFC fiber structure and also the lack of hemicellulose content.
Cross-sectional SEM images of ANFC and NFC films revealed a lamellar structure with film thicknesses of 40.2 μm and 45.3 μm respectively (Fig. 5) . The film thicknesses observed in SEM were smaller than the measurements with surface tapping method (Table II) , which is due to storage of the samples in higher humidity and subsequent swelling before the tensile testing. However, ANFC films were thinner when compared to NFC films indicating that ANFC was more densely packed after drying. The addition of mucin or pectin into the ANFC films increased the film thicknesses to 97.6 μm (ANFC-Mucin-MZ) and 107.6 μm (ANFC-Pectin-MZ); however, the structure remained as densely packed films as can be seen from the SEM images (Fig. 6) . For NFC based films, the addition of mucoadhesive polymers increased the film thicknesses to a greater extent with total thicknesses of 238.8 μm (NFC-Mucin-MZ) and 228.2 μm (NFC-Pectin-MZ). The apparent porosity of NFC films observed in SEM micrographs was higher than for ANFC based films. Additionally, the NFC film lamellar structure was looser under visual inspection compared to the NFC films containing mucoadhesive polymers. Especially the NFC-Pectin-MZ films were notably denser and slightly thinner, probably due to interactions with pectin and NFC fiber network (36) . Metronidazole crystals were observed in the SEM images on the surface of the film and within the lamellar structure.
Drug Release
Formulated films (1 cm 2 ) containing MZ and having selective mucoadhesive properties were used for the evaluation of drug release. The amount of MZ was set to 10% of the total weight of the film (i.e. total polymer content). MZ was fully dissolved in the hydrogel prior to the drying process. No loss of polymer or drug occurred during the film preparation due to the Teflon molds used, as the whole amount of hydrogel could be included in the final dry film. A tool with a set area of 1 cm 2 was used to cut the pieces for the drug release study, which enabled the calculation of the final drug content in the individual pieces. The drug release study was performed in order to study the effect of nanofibrillated cellullose grade (ANFC vs NFC) as well as the mucoadhesive polymer choice on the release profile of MZ. The cumulative release profiles are shown in Fig. 7 . All formulations had a relatively high burst release of 20-40% at the beginning up to 5 min depending on the formulation. This may indicate that MZ on the surface of the films was released relatively fast. After 15 min, the ANFC- Fig. 6 SEM micrographs of ANFC and NFC films containing the mucoadhesive polymer and metronidazole at 5000 times magnification. Scale bar is 10 μm. Fig. 7 Cumulative drug release profiles of MZ from mucoadhesive formulations (n = 3 ± stdev).
Mucin-MZ and NFC-Mucin-MZ formulations had the highest drug release extent of 69.5% and 65% respectively. For NFC-Pectin-MZ and ANFC-Pectin-MZ the drug release after 15 min was lower with 60% and 45% of MZ release respectively. After 30 min the mucin containing formulations had overall a higher MZ release as opposed to the formulations with pectin. Among all formulations, the maximum drug release of 84.7% at 30 min was observed for NFC-Mucin-MZ, while the minimum drug release of 59. 6% at 30 min was obtained with ANFC-Pectin-MZ. Interestingly, these two polymer compositions had the highest mucoadhesiveness when measured without the model compound. The slight differences between ANFC and NFC could be explained with the apparent porosity observed in SEM images, where ANFC structure was denser than NFC, therefore resulting in slightly lower overall drug release from ANFC films when compared with NFC films.
The pectin containing films had a higher thickness to begin with but also the thickness increased over 800% due to swelling and hydration during the 30 min drug release experiment (Table IV) . The thickness of all films increased (398-873%) during the 30 min period considerably more than the surface area (12-18%) of the films. These values are slightly larger than the ones shown in Table III, indicating that the inclusion the hydrophilic MZ into the films did have an enhancing effect on the hydration of the films. The swelling of the lamellar films occurred mainly in the vertical direction. Therefore, the slower drug release seems reasonable from pectin containing formulations due to the swollen matrix and longer diffusion path. For buccal drug delivery applications all formulations exhibited rather suitable drug release profiles for MZ, as fast drug release would be advantageous from the batch into the mucosal membrane in oral cavity. Fast drug release combined with mucoadhesive properties (Mucoadhesive strength of films section) of the films would be beneficial for site specific drug delivery of MZ for e.g. treatment of periodontal diseases in the oral cavity.
Toxicity Studies with TR146
Cytotoxicity studies were performed on human TR146 cell line cells, which have been shown previously as a useful tool to model human buccal epithelium (56, 57) . Mucoadhesive patches did not show any significant effect on TR146 viability after 24 h incubation (Fig. 8) . MZ-containing patches however, were observed to lower cell viability slightly when compared with the control cells. This finding is supported by previous studies on MZ cytotoxicity, where 5 mM concentrations were found to affect the cell viability of Chinese hamster ovary, CHO, cells (58) . The calculated amount of MZ ranged approximately 0.21-0.43 mg per film piece (Ø = 5 mm), which results in possible available concentration range of 6-12.7 mM of MZ per well depending on the film size after the drying process before cutting. Additionally, as shown in this study, MZ was rapidly released from the films (~30 min); therefore, the cytotoxicity was mostly due to MZ. The slightly lower viability values for pectin formulations might be explained with the heavier and thicker film size from which the pieces were cut, therefore causing slightly higher MZ concentrations in their respective wells.
CONCLUSIONS
All the bio-based polymers used in this study are regarded as non-toxic, biodegradable and from renewable sources. Every combination of NFC/ANFC and mucin/pectin/chitosan were found to enhance the mucoadhesive properties of the films. ANFC-Pectin and NFC-Mucin had the highest adhesion strength from the tested formulations. After administering the patch, the piece could be manually removed or swallowed, allowing the physiological cleansing mechanisms to dispose the patch, eventually leaving no traces in the body. The texture analysis method used was very gentle in terms of applied force and contact time, which relates to actual use of the formulation. The drug release profile of metronidazole was fast for all films. This could be beneficial in treatment of oral diseases, such as periodontitis where high and rapid local dosing is desirable. The fast release rate ensures that the patch is inactive after detachment. TR146 cells were viable after 24 h of incubation with film pieces. Slightly lower viability was observed in metronidazole containing pieces. Therefore, we suggest that natural cellulose based polymers NFC and ANFC could be used as an excellent film forming materials for mucoadhesive components such as mucin, pectin or chitosan as a functional mucoadhesive drug release application.
